To identify peripheral connections of perivascular nerves, which are usually hard to find and easily damaged, we developed a sensitive method for acetylcholinesterase (AChE) staining in rat. The procedure is based on primary staining via perfusion, which permits visualization of perivascular nerves before dissection and, after dissection, further staining via immersion for identification of peripheral connections of the earlier stained perivascular nerves. The AChE histochemistry is based on an intensification method ouginally desaibed for sections. The procedure has been optimized for staining via vascular perfusion and can also be applied on whole-mount preparations via immersion. The resulsshowinteasenervestainingwith"albarkgtound. Although the procedure was initially developed for cerebrovascular nerves, the staining approach can also be applied in other regions, the main advantage being that perivascular neural structures can be identified without the damage that usually occurs during dissection. (JHistochem Cgto-&em 42:223-230, 1994) 
Introduction
Acetylcholinesterase (AChE; E.C. 3.1.1.7) histochemistry has been widely used in neurosciences. Applied on sections it yields detailed information about the localization of neuron cell bodies and fibers (Tag0 et al., 1986) . However, information about the threedimensional arrangement of the peripheral nervous system depends mainly on staining ofwhole-mount preparations (Baljet and Drukker, 1975) . It is evident that AChE occurs not only in cholinergic nerves but also in many adrenergic and afferent nerves (Silver, 1974; Giacobini, 1959; Koelle, 1955) . Although it is not clear that all peripheral neural structures contain the enzyme (Silver, 1974) , whole-mount AChE histochemistry can reveal substantial parts of the peripheral nervous system, as indicated by the work of several authors (Groen et al., 1987 (Groen et al., ,1990 Baker et al., 1986; Baljet and Groen, 1986) .
To render neural tissue in whole-mount preparations accessible to staining procedures, (micr0)dissection must first be performed, unfortunately often resulting in damage to tiny nerves. In areas that are difficult to dissect, such as head and neck, the resulting damage can be considerable. This is especially true for peripheral connections of perivascular nerves. For example, intracranial perivascular nerves are usually stained for AChE after isolation of the ves-Correspondence to: Ronald L.A.W. Bleys. Dept. of Functional Anatomy Catharijnesingel 59, 3511 GG Utrecht, The Netherlands. sels involved (Hara and Weir, 1986; Ando, 1981; Kobayashi et al., 1981; Tagawa et al., 1979 Tagawa et al., ,1989 Borodulya and Pletchkova, 1976; Denn and Stone, 1976; Edvinsson et al., 1972) . With these procedures, connections with other neural structures, e.g., cranial nerves, are certainly destroyed. However, identification of connections is essential to elicit sympathetic, parasympathetic, and afferent pathways. In recent years, knowledge of such pathways, especially in rats, has been increased substantially by application of tracer techniques and denervation experiments combined with immunohistochemical procedures (Suzuki and Hardebo, 1991; Suzuki et al., 1988 Suzuki et al., ,1989 Suzuki et al., ,1990 Eai et al., 1988; Hara and Weir, 1986; Hara et al., 1985) . However, in these studies most connections of cerebrovascular nerves are depicted only in drawings or diagrams, based on extrapolation, without showing actual proof of the connections. Whole-mount AChE histochemistry is a powerful tool to identify these anatomic details. To settle the problem of damage to nerves caused by dissection, staining of (part of the) nerves should preferably take place before dissection. In our opinion, the only way to achieve this is by performing the staining procedure via the vascular system, a technique not thus far applied.
We report here a sensitive AChE method for identdying peripheral connections of perivascular nerves in rats. Although it was applied to cerebrovascular nerves, applications outside this field of interest are indicated. The technique consists of a staining procedure via perfusion and one or more staining procedures after subsequent (micro)dissection. The AChE histochemistry is based on that of Tag0 et al. (1986) and was modified for staining via perfusion by optimizing several influencing factors.
Materials and Methods
Tissue Preparation. Male Wistar rats weighing 150-350 g were used. The guides of the Committee for Experiments on Laboratory Animals were followed. All perfusion procedures were performed with a Watson-Marlow 503s rotation pump (Smith & Nephew; Falmouth, UK). Under deep anesthesia (sodium pentobarbital 0.1 mlllOO g body weight, IP) a cannula was inserted into the ascending aorta and the rats were perfused with 300 mlO.9% NaCl containing 300 IU hyaluronidase (Hyason; Organon, Oss, The Netherlands) and 500 IU heparin at room temperature (RT). Then 500 ml 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) was perfused over 15 min at 4°C. followed by perfusion of 500 ml 0.1 M phosphate buffer (pH 7.4) containing 15% sucrose over 15 min at 4'C. Subsequently, the rats were preserved in a similar solution at 4°C until AChE histochemistry was performed (up to 2 weeks).
AChE Histochemistry via Perfusion. To direct the fluids as much as possible to the region of interest, i.e., the head, and thus raise the perfusion pressure, the descending aorta was ligated and clamps were put on the anterior legs. This was not carried out during the earliest experiments. The method of Tag0 et al. (1986) was modified and applied for staining via perfusion. Several parameters were systematically varied to achieve optimal staining of perivascular nerves and their connections to be evaluated after dissection. A schematic outline of this and subsequent staining procedures is presented in Figure 1 . First, the rats were washed with 300 mlO.1 M maleate buffer set at the required pH (see below) for 15 min, followed by a pre-incubation in 300 ml maleate buffer (same pH) containing 3 x lo-> M teuaisopropylpyrophosphoramide (iso-OMPA Sigma, St Louis, MO) for 30 min to inhibit pseudocholinesterase. The subsequent first incubation was based on the high-concentration medium advised by Tag0 et al. (1986) ; therefore, the medium before dilution consisted of 3.45 mM acetylthiocholine iodide (Sigma), 5 mM sodium citrate, 3 mM cupric sulfate, and 0.5 mM potassium ferricyanide. Dilutions were 1:lOO and 1:50 in 0.1 M maleate buffer. Iso-OMPA (3 x lo-> M) and 1% Triton X-100 (Baljet and Drukker, 1975) were added. Duration of perfusion varied from 60-120 min; the amount was 600 mll6O min. For convenience the incubation was performed at RT. In the pre-incubation and the previous washing, as well as in the incubation, similar pH values were used, i.e., 5, 5.6, 6, or 6.5. At pH 5 and 5.6 the concentration of sodium citrate in the undiluted medium was raised to 15 mM and 10 mM, respectively (Karnovsky and Roots, 1964) . The rats were then washed with 1000 ml50 mM %is-HC1 buffer (pH 7.4) for 30 min. The second incubation was performed in two steps: first, 10-min perfusion with 200 mlO.O4% diaminobenzidine (DAB Sigma) and 0.3% nickel ammonium sulfate in 50 mM Tris-HC1 buffer (pH 7.4), followed by another 300 ml of the same medium to which 0.3 ml 3% H202 was added, for 20 min. Finally, washing took place by perfusion with 1000 ml 50 mM Tris-HCI buffer (pH 7.4) for 30 min and then with 300 ml 50% glycerin for 20 min. The rat was stored in 50% glycerin. To evaluate staining results, dissection of the major cerebral arteries was done by a dorsal approach, removing the calvaria and the brain and leaving the vessels and cranial nerves on the skull base.
Control Experiments. Once the optimal procedure had been established, controls were performed with identical media except for (a) omission of acetylthiocholine iodide during the first incubation step, (b) addition of 3 x M 1,5-bis(4-allyldimethylaoniumphenyl)pentan-3-one dibromide (BW284c51; Sigma) during the first incubation for inhibition of AChE, and (c) omission of hyaluronidase in the first perfusion step.
Subsequent AChE Staining Procedures. To extend the optimal procedure in order to identify connections of perivascular nerves, a second stain- I  I  I   I   I  I  I  I  I  I  I  I  I  I  I  I  I  I  I ing procedure was performed via immersion after dissection of the major cerebral vessels and cranial nerves by the dorsal approach already described, or by a ventral approach, removing the skull base. After the rats had been taken out of the 50% glycerin, staining started with washing in maleate buffer for 30 min. All steps involved in the perfusion procedure were performed by immersion in 10-15-fold volume of solutions, using the same durations except for washing in Tris-HCI buffer, which was performed twice for 20 min, after which dissection was performed. In some rats a third staining procedure was performed. Finally, dehydration was done by storing the specimens in a series of glycerin solutions ranging from 50% to 100% glycerin.
Perfusion
A control experiment in which only the second incubation and corresponding washing took place after dissection was carried out to elucidate the mechanism of the second staining procedure.
Sections. To evaluate the degree of staining via perfusion, some cerebral vessels were sectioned. After embedding in Technovit 7100, sections 5 pm thick were cut in a Reichert-Jung 2050 rotation microtome (Cambridge Instruments; Nussloch, Germany). Counterstaining was done with 0.01% cresyl fast violet. The same procedure was performed on vessels that had been stained only via immersion after isolation.
Results

Staining via Perfusion
The use of the 1:lOO diluted medium, i.e., the high-concentration medium advised by Tag0 et al. (1986) , in the first incubation u p to 120 min at pH 6, resulted in hardly any specific staining of perivascular nerves of cerebral arteries. However, staining of the nerve plexuses of the gut did occur. This impelled us to ligate the descending aorta and to put clamps on the anterior legs to raise the pressure without adapting the flow. Still, the desired staining did not occur with the 1:100 diluted medium and 60-min incubation. Raising the concentration to 1:50 diluted medium resulted in very intense staining of perivascular nerves of all major cerebral arteries with a minimal amount of background staining. Figures 2a-2d show the results of this procedure, which proved to be highly reproducible. Although perivascular nerve plexuses showed good staining, no neural structures in the vicinity, such as cranial nerves or branches, were affected by the AChE histochemistry. When the incubation time was extended to 90 min the background staining increased markedly.
Adaptation of the pH resulted in acceptable staining at pH 5.6 and 6.5. At pH 5 specific staining was almost absent, however, with much nonspecific staining. The best results were consistently obtained at pH 6, characterized by great contrast and little or no background staining.
ControL Experiments
No positive staining was observed when acetylthiocholine iodide was omitted or when BW284c51 was added in the first incubation. Omission of hyaluronidase led to patchy staining, Areas of good staining alternated with areas of poor staining and diffuse background staining (Figure 3 ).
Recommended Staining Procedure
The recommended procedure for AChE histochemistry via perfusion in rats is as follows: (a) wash for 15 min with 300 ml 0.1 M maleate buffer, pH 6; (b) pre-incubate for 30 min with 300 ml 0.1 M maleate buffer, pH 6, containing 3 x lo-' M iso-OMPA; (c) incubate for 60 min with 600 ml of a solution containing 0.069 mM acetylthiocholineiodide, 0.1 mM sodium citrate, 0.06 mM CuSO4, 0.01 mM K3Fe(CN)6, 3 x lo-' M iso-OMPA, and 1% Triton X-100 in 0.1 M maleate buffer, pH 6; (d) wash for 30 min with 1000 ml 50 mM Tris-HC1 buffer, pH 7.4; (e) incubate for 10 min with 200 ml of a solution containing 0.04% DAB and 0.3% nickel ammonium sulfate in 50 mM Tris-HC1 buffer, pH 7.4; (f) incubate for 20 min with 300 ml of the same solution as in e to which 0.3 ml3% H202 is added; and (g) wash for 30 min with 1000 ml 50 mM Tris-HC1 buffer, pH 7.4.
Subsequent Staining Procedures
The visibility of perivascular nerve plexuses facilitated the dissection of the major cerebral arteries to a great extent. Both the dorsal and the ventral approach could be performed without damaging those vessels and nerve plexuses. After the second staining procedure many more bundles of nerve fibers became visible. Various connections between perivascular nerves and neighboring neural structures could be identified. Among them were both large (Figure 4) and small connections ( Figure 5 ). In ganglia, even isolated neuron cell bodies could be identified, as shown in Figure 6 . Cranial nerves showed moderate staining. However, intensely stained nerves could be traced along some of them ( Figure 6 ). Background staining started to occur on the vessel walls after the second staining, increasing after a third staining procedure. The originally stained perivascular nerve plexuses remained visible but the contrast decreased. When in the second staining procedure the first incubation step was omitted, as control experiment, no additional staining was observed (Fig. 3) . Figures 7a and 7b show the results of the sectioned arteries after staining via perfusion only or via immersion only, respectively. Throughout the adventitia, intensely stained nerves were observable in both cases, not only large but also very small ones. Although this is only a visual impression. it appears that the number and distribution of the nerves were comparable.
Sections
Discussion
The procedure presented here is based on primary staining via perfusion and further staining via immersion. We chose the method described by Tag0 et al. (1986) to be adapted for this purpose because of its high sensitivity and minimal background staining. The original method was applied on cryostat or vibratome sections. Because the circumstances were essentially different in our experiments, care was taken to establish an optimal procedure.
The concentration of acetylthiocholine iodide finally used by us. 0.069 mM. is in fact four times as high as used in the original method. Tag0 et al. (1986) recommended 0.018-0.036 mM and obtained their best results, characterized by intense specific staining without any nonspecific staining, by incubation with 0.018 mM for 30 min at RT. We chose the high concentration (0.036 mM) and had to raise this to 0.069 mM to obtain sufficient staining. In addition, the duration of incubation was prolonged to 60 min. The need to raise the concentration and the duration of incubation compared with the original method apparently emanates from the high degree of penetration desired in our experiments and the whole-mount procedure. which implies a greater volume to be stained. Kojima et al. (1990) had good results when they used 0.026 mM for the staining of free-floating specimens of rat posterior longitudinal ligament and intervertebral disc, but they incubated for 8-15 hr at RT. Performing an incubation via perfusion for such a long time would not be very practical because of the large amount of incubation medium required, leading to unnecessarycosts. Recirculation of fluid flowing from the right atrium would entail the risk of obstruction in the rat vascular system caused by contaminations with, e.g., rat hairs, as we experienced in earlier procedures. Because of the minimal amount of nonspecific staining in our experiments. we felt no need to experiment with lower concentrations and prolonged incubations. The fact that our best results were obtained at pH 6 is in accordance with the results of Tag0 et al. (1986) . As indicated by several authors (Tag0 et al., 1986; Butcher, 1983: Silver. 1974; Karnovsky and Roots, 1064; h i s . 1961) acccptable staining can be expected at different pHs. as we observed at pH 5.6 and 6.5. However. the poor staining we encountered at pH 5 is not in agreement with the results of Tag0 et al., who observed some good staining. Some authors (Baljct and Drukker. 1975) haw even recommended pH 5 for experiments on rats. The pcrmcability of vessels required to obtain staining of perivascular nerves may be of importance to the choice of pH. Lcwis (1961) indicated that lowering the pH demands lengthening of incubation, which contributes to the explanation of our poor staining results at pH 5 , although the differences observed by us between pH 5 and 5.6 are rather large. Furthermore, specific adjustments of pH with regard to the species studied, as recommended by Baljet and Drukker (1975) , were not necessary in our method, as we stained specimina derived from rat, monkey (via perfusion and immersion), and human (via immersion) with the same pH (6) in other experiments.
The control experiments demonstrate that the staining is specific for AChE. Nonspecific staining was minimalizcd sufficiently by pre-treatment with iso-OMPA. The patchy staining that occurred when hyaluronidase was omitted indicates that hyaluronidase contributes to an increase in the permeability of the vessel walls, although it is not completely responsible for adequate permeability. Since intracranial arteries have relatively thin walls, the perfusion pressure also seems to be an important factor. With regard to this aspect, the need to ligate the descending aorta is obvious.
The sections revealed that staining perivascular nerves via perfusion is as effective as staining via immersion. Throughout the part of the arterial wall where nerves can be expected, i.e., from the outer zone of the adventitia to the adventitia-media border, nerves were observed in both cases. The orientation and size of the nerves are in accordance with those reported by various authors (Borodulya and Pletchkova, 1976; Dcnn and Stone. 1976; Iwayama et al.. 1970) . We conclude that the penetration of staining is adcquatc to reach all perivascular nerves present.
The great advantage of staining via perfusion is that subsequent dissection can be performed more safely. The staining via immcrsion carried out hereafter revealed a unique vicw of nerves around the skull base. As could be expected, background staining in the walls of the originally stained vessels increased. Because we focused on connections and neighboring neural structures at this stage, this was not a problem. The ncwly stained nerves also showed good con-trast, indicating that the parameters we optimized for staining via perfusion can also be applied with good results for staining via immersion. The major advantage of the method of Tag0 et al. (1986) , i.e., to stain nerve fibers and neuron cell bodies simultaneously, is extended to our application on whole-mount preparations: individual ganglion cells could be identified.
The control experiment in which the first incubation step was omitted, not resulting in additional staining, indicates that the results of the second staining procedure emanate from AChE activity still present at that stage. The possibility that the reaction product of the first incubation of the perfusion procedure is still present, and only has to be intensified by the second incubation after dissection, can be excluded.
We should emphasize that AChE-positive nerves are not necessarily cholinergic nerves, since the enzyme is widely distributed among the various subpopulations of the peripheral nervous system. Nevertheless, it was obvious that certain nerves were more intensely stained than others. Part of these may be cholinergic, in which the amount of AChE is expected to be higher than in others for its role in neurotransmission. Other intensely stained nerves probably are not of cholinergic origin. For example, in our material the relatively large nerve running between the internal carotid artery and the abducens nerve corresponds to the large bundle of nerve fibers described by Tamamaki and Nojyo (1987) , originating from the superior cervical ganglion and anterogradely traced to the abducens nerve. In our experiments this sympathetic nerve was intensely stained. Furthermore, it has been suggested that unmyelinated nerve fibers show a greater staining intensity (Yunshao and Shiszen, 1987) . Our method is very sensitive and clearly may improve insight into the three-dimensional arrangement of the peripheral nervous system in anatomically complex regions such as the cranium. In addition, it has the advantage of being inexpensive.
The method presented does not need to be restricted to the head and neck region; there definitely are other possibilities for application of the staining via perfusion. In our opinion, all perivascular nerve plexuses, including those in bony tissues, and neighboring structures that could be damaged by dissection, can be studied by this method. Obviously, the technique is also suitable for any thin-walled hollow organ (e.g., gastrointestinal tract organs, urinary bladder). The prerequisite for good staining, however, is sufficient permeability. Although the concentrations and pH of the media and the duration of the staining are as in the recommended procedure, this parameter must still be optimized for every objective. In the vascular system the thickness and composition of the arterial wall and the perfusion pressure are the main factors involved. In our specimens, perivascular nerves around the common carotid artery could not be stained by this method; they could be, however, in young rats (80 g), the arterial walls being thinner. Preliminary results on young marmoset monkeys (Cakhrix jacchw), a fetus and a neonate, demonstrated that staining of perivascular nerves around the common, external, and internal carotid arteries is possible and can even be combined with a staining of the paravascularly situated vagus nerve and sympathetic trunk. Staining of gut plexuses occurred in adult rats when the aorta was not ligated. Manipulation of the flow direction by ligations in the arterial system, adaptation of intraluminal pressure, and the application of enzymes such as hyaluronidase increase the permeability of arteries. Various acidic glycosaminoglycans (AGAGs) other than hyaluronic acid exist in vascular connective tissue. Moreover, as there seem to be regional and age-dependent differences in the composition of AGAGs (Murata, 1985;  Zugibe, 1962) , the application of other enzymes to depolymerize AGAGs could further improve the arterial permeability.
In conclusion, by our method, characterized by staining procedures before and after dissection, perivascular nerves can be stained by vascular perfusion, as well as peripheral connections of these nerves, which otherwise are hard to find or usually are damaged for technical reasons.
